Functioned by mechanical vibration, the electro-impulse de-icing (EIDI) system has been widely utilized in various industrial applications. With a focus on the minimum energy consumption, a new design of the EIDI system is proposed in this paper. To study the performance of this new design, a square aluminum plate representing the Turbine blades is tested. This plate is 420 mm in side-length, 1.5 mm in thickness and covered with a 1 mm thick ice layer. Within this paper, a novel method based on optimization theory is proposed to calculate the desired electric circuit parameters for the de-icing system to be able to remove the 1 mm thick ice layer effectively (96.8% removal rate). The actual EIDI system is then built with the desired circuit parameters calculated from the proposed method, and its performance on de-icing has been tested within the Xuefeng Mountain natural icing station. The tested results achieved a removal percentage of only around 84.3%, which is caused by defects from manufacturing. To further investigate this, a 3D impulse coil-aluminum plate model is built in MAXWELL reflecting the manufacturing defects, and the simulated results are consistent with the 84.3% ice removal rate from experiments on Xuefeng Mountain experiment station. This verified the accuracy of this proposed prediction method. This unique prediction method opened a new floor for the research area of electro-impulse de-icing system and its application.
I. INTRODUCTION
Blades icing poses a great hazard to the mechanical and aerodynamic performance of the wind turbine, which seriously affects the output efficiency of the wind generators. At present, the de-icing technology on wind turbine blades is immature. In order to ensure the normal and steady operation of the wind power plant, the prevention and control of wind turbine blade icing has became one of the problems that must be solved in the development of wind power industry [1] - [4] .
At present, the de-icing technologies used in the wind power industry can be divided into three categories: mechanical de-icing, coating de-icing and thermal de-icing [5] - [7] . The coating does not completely remove the ice layer, and the coating is easy to lose the de-icing ability due to aging.
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Thermal de-icing methods includes hot air in the circulation channel, microwave heating, and resistance heating. Thermal de-icing consumes large amount of energy. Although some methods for de-icing are available, all of them have some undesired aspects with regard to energy requirements or effectiveness.
EIDI is a mechanical de-icing method. It has potential for ice removal with very low energy consumption, minimal maintenance, great reliability, light weight and economic effectively compared with existing methods [8] , [9] .
The mechanism [10] of the EIDI system is shown in Figure 1 . When there is a requirement for de-icing, the control system sends a trigger signal to the switching to turn-on the discharging circuit. Discharge of the capacitor through the impulse coils creates a rapidly forming and collapsing electro-magnetic field. The time-vary magnetic field induces eddy currents on the metal skin. Therefore, the instantaneous impulse force of several hundred pounds in magnitude was obtained by Lorentz force formula, but the duration of the impulse is only a few hundred microseconds. This force creates vibration which can separate the ice layer from the metal, and thus de-icing the metal surface. The EIDI device can be started again until the accumulated ice thickness approaches an undesired level.
Generally speaking, the research of EIDI system mainly includes electro-dynamics studies, structural-dynamics studies and de-icing prediction, among which the latter stage always takes the output result of the former stage as an input variable. As shown in Figure 2 . The electro-dynamics studies of this EIDI involve an evaluation of the discharge circuit characteristics, the study of the magnetic field behavior around the impulse coil and impulse force behavior. Structural dynamics studies include analysis of structural deformation and vibration characteristics produced by the impulse force.
At present, in terms of the design process of the electroimpulse system [11] - [13] , there is no literature to introduce it in detail, and the minimum energy required to de-ice the skin wasn't investigated. The simulation method is used to solve the magnetic field and dynamic characteristics in the literature [12] , [13] , which lacks of experimental verification. In addition to, most of the literatures only give the range of de-icing on the skin surface under the EIDI system, which have not specified in detail the results are obtained after how many vibration cycles. It is assumed that the impulse force acts as a circular shape with a diameter of 60 mm and its magnitude is a sinusoidal function in relationship to time with a peak pressure of 0.22 MPa. However, these does not consider the distribution of impulse force caused by the geometric shape of the impulse coil [8] , [21] .
In this paper, a new design method for EIDI system is proposed. The main advantage of this design method is that it calculates the parameters based on the minimum energy consumption required to remove the ice layer. An icing and de-icing test for the aluminum plate is conducted in Xuefeng Mountain natural icing station. During the de-icing test, the results are recorded after each pulse and the percentages of ice removal are analyzed so that they can be used to compare with the predicted results. When calculating the structural-dynamic response, considering the impulse force as a single point source rather than the actual distribution will reduce the calculation accuracy.
This proposed method takes into consideration of the actual distribution of impulse force at different radial position as well as its actual evolution with time. This improves the accuracy of de-icing prediction significantly.
II. ELECTRO-DYNAMICS STUDIES A. CALCULATION OF THE IMPULSE CURRENT
The EIDI system mainly includes a charging circuit, a discharging circuit and a triggering circuit, as shown in Figure 3 . When the switch is turned on, the energy stored in the capacitor starts to release through the resistor and the inductor as shown in Fig 3b. 'R' is the equivalent resistance of the wire and the coil. After one impulse wave decays to zero, the stored energy is converted into the mechanical vibration through the transient current seen on 'L'.
The transient current through the impulse coil is calculated by the time domain analysis method. Based on Kirchhoff's second law, the circuit equation is written as [14] :
The impulse current for under-damped condition is: where, α = R/2L, ω = 1/(RC) − (R/2L) 2 , and U 0 is the initial capacitor voltage. When the current reaches its maximum value, di/dt = 0, so the time required to reach the peak value of the impulse current t max can be calculated as:
Substituting equation (3) into equation (2):
At this instantaneous time, the capacitor voltage equation can be written as:
When t = t x, the capacitor voltage drops to zero. The clamping diode is turned on, and the circuit equation is:
According to the initial condition: i| t=tx = i(t x ), the impulse current is:
In summary, the impulse current is expressed as:
To validate the above calculation method, a test is conducted with the following parameters: U0 = 780 V; charging capacitor: C = 990 µf; inner diameter of the coil: r1 = 10 mm; outer diameter of the coil: r2 = 64 mm; the material of test object: 6061AL; the thickness of test object: 2 mm and the gap distance between the coil and the test object: h = 1 mm. The calculation results and test results are compared in Figure 4 .
As shown in Figure 4 , the maximum mismatch between the calculated value and the measured value for the impulse current is around 1.5%. This means the calculation method achieved at least 98.5% accuracy which is within the tolerance range for the purpose of the de-icing application.
B. CALCULATION OF THE IMPULSE FORCE
Since the impulse coil is axisymmetric, the magnetic field generated by it is also axisymmetric. The strength of the magnetic field at any point in space can be decomposed into a vertical magnetic vector B Z and a tangential magnetic vector Br, and Br does not contribute to the generation of the eddy current field. If any current line with radius R l is selected as the integral circuit, according to Maxwell's equation, the changing magnetic field generates the vortex electric field:
where, E is the electric field strength.
The eddy current density is:
where, δ is the conductivity of aluminum: 1.74×10 7 m/s. Substitute the above equation into equation 8, it can be re-written as:
From equation 8 and 9, the following can be derived:
The eddy current can be obtained by integrating the eddy current density with surface area:
where, d is the thickness of the aluminum plate. The impulse force is solved by Ampere's law:
III. STRUCTURAL-DYNAMICS STUDIES
It is assumed that the wind turbine blade can be represented by a flat aluminum plate within the experiment. When the impulse force has been applied to the plate, the displacement response of the skin and the tensile/shear stress at the ice-skin interface are calculated by the finite element method (FEM) to analyze the de-icing prediction results according to the deicing criterion. A twenty-node hexahedral element [15] , [16] is selected for meshing within the FEM. The structural dynamics equation is:
where, [M] is the overall quality matrix; [C] is the overall damping matrix; [K] is the overall stiffness matrix; F is the impulse force, and U is the node displacement. The expression for the stress can be written as:
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And then the principal stress σ 1 , σ 2 , σ 3 can be obtained [16] , the equivalent stress can be written as:
The expression for the maximum shear stress is:
IV. REASEARCH ON THE DE-ICING PREDICTION A. TENSILE EXPERIMENT
The key step in the design of the EIDI system is to calculate the amplitude and width of the impulse force required to de-ice the skin effectively. The impulse force is mainly determined by the adhesion force between the ice and skin when solving the equations. As natural icing is subject to diverse environmental conditions, the adhesion force between the ice and skin has a wide range. It is thus essential to study the de-icing criteria for various environmental conditions. At present, a large number of studies on the de-icing criteria have been carried out worldwide [17] - [19] . There are two primary de-icing criteria. One is to consider only one single strength factor (either tensile or shear stress) at the ice-skin interface, and the other is to consider both the tensile and shear stresses at the ice-skin interface. In this paper, the adhesion force between the ice and aluminum plate is measured through a tensile test, in which the ice box and Tension test device are employed, as shown in Figure 5 . The icing test is carried out in the Xuefeng mountain natural icing test station. As shown in Figure 6 , this station has a divert weather/climate conditions which is ideal for icing research. The station has an altitude of 1400 m and a pressure of 85.6 kPa. The average annual icing season is 90 days and the longest is 150 days across decades. Glazes, rimes and mixed icing occur every year. The temperature is monitored and recorded during the whole test, as shown in Figure 7 . The results for the adhesion force between the ice and the aluminum plate are shown in Table 1 .
According to the calculation, the tangential impulse force generated by the EIDI system is negligible, however as shown in Table 1 , the measured tangential stress between the ice and the aluminum plate is 0.4 Mpa, which is significant. This suggests the EIDI removes ice layer by break its vertical tensile adhesion rather than the tangential one. Therefore, the only criterion for the ice layer to fall off is when the tensile stress between the ice and aluminum plate is greater than the maximum tensile stress. The maximum tensile stress σ max between the ice and aluminum plate is calculated as:
where, F zave is the average value of the adhesion and S is the area of the ice box, 20.25 cm 2 . The experimental results are consistent with the results published in a previous article [20] . 
B. DE-ICING CRITERION
When the ice layer is thin, it has elasto-plastic properties. Therefore, it is proposed to use fourth mild theory to analyze the failure of the ice layer and use the formula for the maximum stress failure criterion, which can be expressed as:
where, σ eq is the equivalent stress between the ice and aluminum plate. In order to analyze the de-icing effect, the definition of de-icing ratio is introduced. It can be written as:
where, E 1 is the total number of ice layer cells with σ > σ max , E is the total number of ice layer cells.
V. DESIGN OF ELECTRO-IMPULSE DE-ICING SYSTEM
The key advance of this research work is to design the EIDI system with the consideration of the minimum energy requirement for effective de-icing. This then determined the amplitude and width of the impulse force required to de-ice under the new de-icing criteria. Assuming the material type, the thickness of the skin and the gap between the skin and the impulse coil are fixed, by adjusting the amplitude and width of the impulse current, the desired impulse force can be achieved. This set of design parameters are then selected for the EIDI system.
A. GEOMETRY
A square aluminum plate with a 420 mm edge-length and 1.5 mm thickness is used to simulate the skin of aircraft wings, which is covered with a 1 mm thick ice layer, the aluminum plate is clamped along the adjacent two edges. The 3-D model of the ice and aluminum plate is created in SOLIDWORKS, as shown in Figure 8 .
The aluminum plate and the ice layer are meshed using the 20-node hexahedral elements. The material properties for the aluminum plate and ice are: aluminum plate: E = 68.9 GPa, v = 0.3, ρ = 2780 kg/m 3 ; ice: E = 5.5 GPa, v = 0.33, ρ = 897 kg/m 3 . 
B. THE AMPLITUDE AND WIDTH OF THE IMPULSE FORCE REQUIRED ON DE-ICING
The expression of the impulse force is determined by the best fitting with existing data generated by previous experiments [21] . The amplitude and width of the impulse force required to de-ice the skin can then be calculated through this expression:
where, A, a, b are unknown parameters. F is the maximum force along the radial direction. Based on the calculation, the impulse force F increases first and then decreases along the radial direction from the center to the side. It is found that the impulse force is around: F/3 in the areas A1 and A5, 2 * F/3 in the areas A2 and A4, and F in the area A3, as shown in the Figure 9 .
Assuming that t 1 is the time required to reach the peak value of the impulse force, it can be seen from the equation 3 that t1 is the function of the unknowns a and b. For any set of fixed a and b, t1 can be determined though the equation, so the impulse force F is a function of the unknowns A, a and t1, written as:
By selecting the suitable value for arrays: A, a and t1, the de-icing ratio of 95% and 100% on the surface of the skin can be achieved. Save this set of data and Substitute them into equation 20, the expression of the impulse force can be obtained. The iterative solving process of the impulse force F is shown in Figure 10 .
From the above calculation, the parameters are calculated as: A = 200, a = 4100, b = 12000, t1 = 100us. The expression of the impulse force F is thus:
The impulse pressure at different radial position and different time is placed on the corresponding regions on the surface of the aluminum plate. Predicted results from the design process are shown in Figure 11 .
It can be seen from Figure 11 that when subject to the above-mentioned impulse force, the majority of the ice layer on the surface of the aluminum plate is removed, and the de-icing ratio reaches 96.8%. Therefore, the calculated impulse force meets the design requirements.
Based on the above analysis, the impulse force required to de-ice the square plate structure can be determined. At this stage, the design parameters of the impulse circuit remain unknown as the magnitude of the impulse force is related not only to the material of the skin, the thickness, and the gap between the skin and the impulse coil, but also to the amplitude and width of the impulse current and the structural parameters of the impulse coil (inner, outer diameter and number of turns). Nevertheless, according to amplitude and width of the impulse current, the structural parameters of the impulse coil can be determined. Therefore, under the assumption that the material, the thickness of the skin, and the gap between the skin and the impulse coil are constant, the amplitude and width of the impulse current and the structural parameters of the coil need to be calculated first in order to obtain the impulse force.
C. THE AMPLITUDE AND WIDTH OF THE IMPULSE AND THE STRUCTURAL PARAMETERS OF THE IMPULSE COIL REQUIRED TO DEICE
Based on the amplitude and width of the impulse current, the circuit parameters of the EIDI system can be obtained by the optimized calculation, including the voltage U, the inductance L, the capacitance C and the length of the wire used to wind the impulse coil l. With these values, the structural parameters of the impulse coil are determined.
It can be seen from the expression of impulse force that the peak impulse force is around 120N, and the time t 1 required to reach the peak impulse force is 100us. By adjusting the peak of the impulse current I max and the time to reach the peak of the impulse current t max , a set of data can be obtained, and the F max and t 1 is obtained as 120 N and100 us respectively.
Assuming that the parameters of the external circuit R W = 0.24 , L W =5 µH, the array I max , t max can be defined. From the peak impulse current and the time to reach the peak impulse current, the diameter of wire used to wind the impulse coil can be calculated. Based on the conservation of energy and equations 3 and 4:
where, Q 1 is the external circuit loss; r is the resistance per unit length of the impulse coil; l is the length of the coil. Through the above equations, voltage U, inductance L, capacitance C and the length of impulse coil l can be calculated. From the point of view of minimum energy, a set of parameters with the lowest voltage is selected as: U = 500V, L = 20uH, C = 1000uF, l = 4m.
Although the expression of the impulse current has been determined, it is not possible to calculate the impulse force on the surface of the skin by electro-dynamic studies. This is because the magnitude and range of the impulse force are related to the inner and outer diameters of the impulse coil and the radius of the wire used to wind the coil. The inductance calculation formula for the disc coil is [22] :
where, r 1 the inner radius of impulse coil; r 2 is the outer radius of impulse coil; N is the number of turns, t = (r 2 -r 1 )/(r 2 +r 1 ). The length of the impulse coil is:
From equations 24 and 25, we can get: r 1 = 10 mm, r 2 = 64 mm, N = 18.
The iterative solving process of the impulse current and the structural parameters of the impulse coil is shown in Figure 12 .
The impulse coil is designed according to the above parameters. There are defects within the manufacturing process of the impulse coil. In order to prevent inductance value of the manufactured impulse coil deviating significantly from the calculated value, the manufactured impulse coil is measured by a high-precision LCR analyzer IM3533. As shown in Figure 13 , the calculated results using the above empirical formula and measured results are listed in Table 2 .
It can be seen from Table 2 that the above results indicate that the manufactured impulse coil is correct. This lays the foundation for the design of the electro-impulse de-icing system.
VI. EXPERIMENT VERIFICATION A. DE-ICING EXPERIMENT
The icing test is also carried out in natural icing station. To set this up, a metal bracket has been machined with holes around its upper surface, and this is used to fix the skin within the natural icing station. The metal bracket is fixed rigidly by bolts. Aluminum plate representing the skin has a dimension of 420 mm × 420 mm ×1.5 mm. the ice formation result of aluminum plate is shown in Figure 14 . The thickness of the ice on the aluminum plate is 1.0 mm, as shown in Figure 15 .
With the voltage: U0 = 500 V, charging capacitor C = 1000 µF, the EIDI system is switched on to observe and record the de-icing results after each pulse, as shown in Figure 16 . Comparing Figure 16 (c) with Figure 11 , it can be seen that the predicted de-icing ratio from the design process is 96.8% while the de-icing ratio obtained by the test is only 84.3%. The main reason of this mismatch is that when the EIDI system is built, the impulse capacitance is achieved by the series-parallel connection of the capacitors with the withstand voltage of 450 V and the capacity of 1000 µF. Because the manufactural technics and material of the capacitor are different, the actual capacitance is usually less than 1000 µF. The actual impulse capacitance value of the EIDI system within this experiment is measured as 990 µF. Therefore, the de-icing ratio from the test is less than the predicted de-icing ratio, which is consistent with the theoretical analysis described previously.
B. DE-ICING PREDICTION CALCULATION
In order to verify the calculation methods used in the design of EIDI system, which involve the electro-dynamic studies, structural-dynamic studies and the de-icing prediction, a three-dimensional impulse coil-aluminum plate model is established based on the actual experimental set up.
De-icing prediction results from this model are compared with experimental results after each pulse.
The circuit parameters are as following: voltage: U0 = 500 V, charging capacitor: C = 990 µF, inductance: L = 19.89 µH, target: 6061AL, the thickness is 1.5 mm. The calculation results for the impulse current are shown in Figure 17 .
Assuming that the gap between the coil and the aluminum plate is 1 mm, the calculated results are shown in Figure 18 .
From Figure 18c and 18d , both the eddy current density and the magnetic field strength increase first and then decrease along the radial direction from the center to the side, which is determined by the structural parameters of the impulse coil. Due to characteristics of the magnetic induction, the further the position is from the impulse coil, the weaker the magnetic field strength is. Furthermore, the eddy current in the skin is created by the rapidly changing magnetic field, so the eddy current density follows the same trend.
According to Equation 12 , the magnetic field force in the vertical direction of the aluminum plate can be calculated. Assuming:
Substituting equation 26 into equation 12, the impulse force at the different radial positions and at different time can be obtained, as shown in Figure 19 .
From Figure 19 , it is seen that the impulse force increases first and then decreases along the radial line from center to the side. This verified the hypothesis of the impulse force distribution made previously in section V.
When calculating the structural-dynamics response, apply the overall impulse force on the model directly will affect the calculation accuracy. Therefore, according to the different radii of the coils, the aluminum plate is divided into a number of regions in the radial direction. The impulse pressure at different radial positions and different instantaneous time are placed on the corresponding regions on the surface of the aluminum plate. The impulse waveform for the pressure at radial r = 30 mm is shown in Figure 20 . Under the uniform distribution of the impulse force, the de-icing predicted results after three pulse are shown in Figure 21 .
In summary, the de-icing ratio obtained by experiment was 87.3% after three pulses, the de-icing ratio obtained by calculation reaches 84.3% of de-icing prediction after three pulses. Within the tolerance error range, by comparing the experimental results with the predicted ones, one can conclude that the calculation process of de-icing prediction, which involves the electro-dynamic calculation, the structural-dynamic calculation and the de-icing prediction, is accurate enough for the purpose.
VII. CONCLUSION
1. This paper proposed a design method of the electroimpulse de-icing system. With a focus on the minimum energy consumption, the amplitude and width of the impulse force required to de-ice the skin are obtained by the optimization method. Then, by adjusting the magnitude of the impulse current and the time to reach the peak impulse current, the circuit parameters and the structural parameters of the impulse coil can be calculated.
2. In this paper, a whole set of analysis process has been introduced, including the electro-dynamics studies, the structural-dynamics studies and the de-icing prediction. Within these, the de-icing criterion is the key factor for the design process. When the temperature and wind speed for the icing environment are −5 degrees and 10 m/s, respectively. By comparing the test results with the predicted results o, the new de-icing criterion obtained from the tensile test in this paper is approved to be accurate.
3. An aluminum plate with a 420 mm edge-length, a 1.5 mm thickness and is covered with a 1 mm thick ice layer is tested in the Xuefeng mountain natural icing station. The predicted results from the design process are compared with the experimental ones. The good agreement of these two has verified the above design process of the EIDI system is adequate. This work opened a new floor on the research of de-icing method for various industrial applications, and can provide a number of valuable reference data for the future design.
